Abstract 22
Thermal regimes in aquatic systems have profound implications for the physiology of 23 ectotherms. In particular, the effect of elevated temperatures on mitochondrial energy 24 transduction (i.e. energy from carbon substrates to ATP) in tropical and subtropical teleosts may 25 have profound consequences on organismal performance and population viability. Upper and 26 lower whole-organism critical temperatures for teleosts suggest that subtropical and tropical 27 species are not susceptible to the warming trends associated with climate change, but sub-lethal 28 effects on energy transduction efficiency and population dynamics remain unclear. The goal of 29 the present study was to compare the thermal sensitivity of processes associated with 30 mitochondrial energy transduction in liver mitochondria from the striped mojarra (Eugerres 31 plumieri), the whitemouth croaker (Micropogonias furnieri) and the palometa (Trachinotus 32 goodei), to those of the subtropical pinfish (Lagodon rhomboides) and the blue runner (Caranx 33 crysos). Mitochondrial function was assayed at temperatures ranging from 10° to 40 °C and 34 results obtained for both tropical and subtropical species showed a reduction in the energy 35 transduction efficiency of the Oxidative Phosphorylation (OXPHOS) system in most species 36 studied at temperatures below whole-organism critical temperature thresholds. Our results show 37 a loss of coupling between O 2 consumption and ATP production before the onset of the critical 38 thermal maxima, indicating that elevated temperature may severely impact the yield of ATP 39 production per carbon unit oxidized. As warming trends are projected for tropical regions, 40 increasing water temperatures in tropical estuaries and coral reefs could impact long-term growth 41 and reproductive performance in tropical organisms, which are already close to their upper 42 thermal limit. 43
Introduction 46
Physiological constraints, thermal tolerance in particular, play an important role in limitingspecies' habitat selection and range of distribution. Most individuals inhabit environments close 48 to their thermal optimum (Pörtner, 2001; Pörtner, 2002; Somero, 2005) . Within the optimal 49 thermal range, biochemical processes, especially enzyme-mediated processes, exhibit a higher 50 performance than at temperatures above or below the thermal optimum. Since teleosts inhabiting 51 tropical estuaries experience high temperatures (25-30°C) year round, it follows that their 52 thermal optima are higher than those of ecological analogues in subtropical and temperate 53 estuaries and are likely amongst the highest found in aquatic ectotherms. to survive long-term warming trends associated with climate change than previously thought 72 (Eme et al., 2011) . In the present study, we provide evidence that sub-lethal effects of 73 temperature at the mitochondrial level are evident, and potentially significant. 74
Our current understanding of whole-organism thermal tolerance relies heavily on critical, rather 75 than sub-lethal analyses of organismal performance as a function of temperature. ATP production, a detailed analysis of mitochondrial performance is likely to be a more accurate 83 indicator of temperature effects on whole-organism physiological performance than the critical 84 thermal maximum (Weinstein and Somero, 1998; Pörtner at. al., 1999; Martinez et al., 2013) . 85
Although the tolerance window of some estuarine fishes is beyond any temperature found in 86 their natural habitat (Eme and Bennett, 2009; Mora and Ospina, 2001; Mora and Ospina, 2002) , 87 the long-term implications of gradual changes in temperature on physiological performance and 88 survival are unknown. In particular, the effects of thermal heterogeneity on mitochondrial 89
performance are yet to be determined. Based on previous studies on terrestrial systems, thermal 90 heterogeneity of habitats favor an organism's ability to adapt to changes in their thermal regime 91 (Deutsch et al., 2008; Huey et al., 2009; Tewksbury et al., 2008 ). If we extend this to the marine 92 milieu, it is possible that tropical organisms experiencing stable but high temperatures, such as 93 teleosts associated with coral reefs and estuaries, could be particularly challenged by increasing 94 habitat temperatures as they shift to a warmer sub-optimal range. 95
The goal of this study was to employ a series of estuarine teleosts as tropical and subtropical 96 study systems to compare the thermal sensitivity of mitochondrial energy transduction. To 97 achieve our goal, this study examines the oxidative phosphorylation (OXPHOS) system in liver 98 mitochondria from the striped mojarra (Eugerres plumieri), the whitemouth croaker 99 (Micropogonias furnieri) and the palometa (Trachinotus goodei), and compares them to the 100 subtropical pinfish (Lagodon rhomboides) and the blue runner (Caranx crysos). Caranx crysos, is a schooling pelagic predator found throughout the coastal subtropical Atlantic. 123
Despite its active pelagic habit, the species is mainly found schooling in shallow (0-100 m) 124 water; it is most frequently observed in the estuarine pelagial where it feeds on small fishes, 125 shrimp and other invertebrates (Cervigón et al., 1992 with a distribution that extends to subtropical regions. The mojarra's diet comprises infaunal 136 species of crustaceans, bivalves, and detritus (Bussing, 1998) . The whitemouth croaker is , 137 commonly found over the sandy bottom of estuaries where it feeds upon crustaceans, mollusks 138 and fishes (Isaac, 1988) . The palometa, is an active pelagic species frequently found in tropical 139 estuaries. Analogous to the subtropical C. crysos, T. goodei is also a schooling species that feeds 140 primarily on crustaceans and fishes (Cervigón and Los Roques, 1991) . were minced in an ice-cold petri dish, then homogenized in 8 mL of a sucrose-based isolation 144 medium (250 mM Sucrose, 1 mM EGTA, 10 mM K 2 PO 4 , 1 % BSA, pH = 7.4, 20°C) using an 145 ice-cold Dounce homogenizer (Kontes, Vineland, NJ). Five passes with a loose fitting pestle 146 were followed by two passes with a tight fitting pestle. Homogenate was transferred to 1.5 mL 147 centrifuge tubes and centrifuged at 650 g for 10 min at 4°C to remove cellular debris and 148 undisrupted tissue. The supernatant was collected and again centrifuged at 9,600 g for 15 min at 149 4°C to sediment the mitochondrial fraction. Pellets were washed with isolation medium, 150 resuspended, and twice consecutively recollected by centrifugation at 9,600 g for 15 min at 4°C. 151
The final pellet was suspended in 300-500 µL of isolation medium and stored on ice until 152 assayed. 153
Mitochondrial respiration.
To assess the thermal sensitivity of mitochondrial respiration, 154 high-resolution respirometry systems were employed. Those systems comprised two 2.0 mL 155 water-jacketed respirometric chambers (DW-1, Hansatech Instruments, Norfolk, England) 156 equipped with Clark-type polarographic oxygen electrodes (C-1, Hansatech Instruments, 157
Norfolk, England). Chamber temperature was controlled using a circulating, refrigerated water 158 bath (E200, Lauda-Königshofen, Germany). Electrodes were calibrated in air-and nitrogen-159 saturated respiration medium (500 µL -see below) at each assay temperature. Respiration 160 medium was prepared according to Martinez et al. (2013) ; it consisted of 100 mM KCl, 1% w/v 161 BSA, 2 mM MgCl 2 , 1mM EGTA, 25 mM K 2 PO 4 , and 10 mM Tris-HCl, pH = 7.5 at 20°C. 162
Deviations in the pH of the assay medium (7.8 -7.0) as a function of temperature were in the 163 lower range of pH observed for teleost blood, which ranges from 8.1 to 7.6 (Cameron, 1978 ; 164 Rahn and Baumgardner, 1972) . Other studies evaluating mitochondrial thermal performance in 165 teleosts have performed assays at an assay pH ranging from 7.1 (Hilton et al., 2010) to 7.5 166 (Johnston et al., 1998) . 167
At each measurement temperature (10°, 20°, 30° and 40 °C), the background signal was recorded 168 prior to mitochondrial injection. For each run, 10-50 µL of purified mitochondria (0.04-0.5 mg 169 of mitochondrial protein) were injected into the respirometer chamber containing 500 µL of 170 respiration medium. Bennett and Judd (1992) found a critical thermal minimum (CT min ) for L. 171 rhomboides at 11.7°C for specimens acclimated to 22°C, therefore oxygen consumption was 172 monitored at assay temperatures ranging from 10-40°C. Substrate stocks were carefully prepared 173 according to Lemieux and Gnaiger (2010) . Respiration associated with the activation of 174 complexes I and II of the electron transport system (ETS) was evaluated at each temperature 175 regime for L. rhomboides and C. crysos following the titration protocol and techniques described 176
by Gnaiger (2010) . Briefly, non-phosphorylating respiration (LEAK) was initiated by adding 2 177 mM malate (M), 10 mM glutamate (G) and 5 mM pyruvate (P), which supplies electrons to 178 complex I via production of NADH by mitochondrial dehydrogenases. Non-phosphorylating 179 LEAK in the absence of ADP was broadly defined in this study as the respiration associated with 180 proton conductance, proton slip and cation cycling at saturating substrate concentrations. To 181 induce ATP synthesis via OXPHOS, 2 mM ADP was added, and convergent electron entry to the 182 ubiquinone pool via NADH and FADH 2 was initiated by addition of 10 mM succinate (S). 183
Contribution of complex II alone to OXPHOS was recorded after addition of the complex I 184 inhibitor rotenone (0.5 µM). 185
Adjustments to the mitochondrial titration protocol allowed complex-specific data collection in 186 subtropical species. However, the thermal sensitivity of LEAK and OXPHOS respiration rates of 187 E. plumieri, M. furnieri and T. goodei (tropical species) were obtained by simultaneous 188 activation of complexes I and II according to Martinez et al. (2013) . Proton conductance 189 increases exponentially with mitochondrial membrane potential (Divakaruni and Brand, 2011) . substrates, showed significant differences with temperature in L. rhomboides. Lowest LEAK 251 rates were found at 10°C. From 10° to 40°C both OXPHOS and LEAK rates increased with 252 increasing temperatures. Significant increases in OXPHOS rates were found between 10° and 253 40°C (one-way ANOVA, P = 0.006, n = 5-8). Similarly, LEAK rates in the absence of ADP 254 increased significantly with temperature (one-way ANOVA, P < 0.001, n = 5-8). Complex-255 specific contributions to LEAK rates were similar at 30°C (Table 1) . However, average 256 mitochondrial OXPHOS rates obtained in L. rhomboides by supplying complex I-activating 257 substrates were two times higher than OXPHOS rates with complex II-activating substrates 258 (Table 1; one-way ANOVA, P = 0.032). 259
In contrast to L. rhomboides, OXPHOS rates for the pelagic species C. crysos showed a 260 significant decrease in activity at 40°C. As shown in Figure 1b , the temperature effect on 261 respiration rates was lower in this species and no significant differences were found among 262 OXPHOS rates (one-way ANOVA, P = 0.10, n = 3). However, there was a significant difference 263 between LEAK rates obtained at 40°C and those values obtained at 10°C and 20°C (one-way 264 ANOVA, P = 0.001, n = 3). Complex-specific activation in C. crysos elicited variable LEAK and 265 OXPHOS rates, with no significant differences between respiratory states (Table 1; one-way  266 ANOVA, P = 0.761). 267
The highest respiratory coupling ratios (RCR) values above four were found for L. rhomboides at 268 assay temperatures between 10°C and 30°C (Fig. 2) . At an assay temperature of 40°C, both 269 species exhibited a significant decrease in the RCR values (one-way ANOVA, P < 0.05, n = 3-270 8). Changes in RCR values between 30°C and 40°C were significant for L. rhomboides (one-way 271 ANOVA, P < 0.001, n = 5-8). Likewise, in the pelagic C. crysos, a significant decrease in 272 coupling from 20°C to 40°C was recorded (one-way ANOVA, P = 0.05, n = 3) 273
Thermal sensitivity of the mitochondrial OXPHOS system from tropical teleosts. Significant 274
changes in LEAK rates with increasing temperature were found in the demersal species E. (Figure 3a) . 279
Maximum OXPHOS and LEAK rates at 30°C in the presence of NADH and FADH 2 -generating 280 substrates were highest in E. plumieri (Table 1) . Respiration rates with individually activated 281 complexes I and II in E. plumieri were different from complex-specific OXPHOS rates obtained 282 with the pelagic species T. goodei. Within each species, complex I consistently elicited about 283 80% of the OXPHOS respiration rate observed with complex II activated and no significant 284 differences were found among complex I / complex II ratios (Table 1; one-way ANOVA, P = 285 0.54, n = 5). 286
In the demersal M. furnieri, LEAK rates displayed higher sensitivity to increased assay 287 temperature than those in E. plumieri. LEAK rates increased significantly with increasing assay 288 temperature ( Fig. 3b; one-way ANOVA, P < 0.001, n = 6-7). OXPHOS rates increased between 289 10°C and 30°C, then decreased at 40°C (Fig. 3b; one-way ANOVA, P <0.001, n = 6-7). 290
The active pelagic T. goodei showed lower LEAK and OXPHOS respiration rates than those 291 found for demersal species. LEAK respiration was significantly impacted across the thermal 292 range assayed (Fig 3c; one-way ANOVA, P < 0.001, n = 5-6). OXPHOS increased significantly 293 from 10°C to 30°C, then a loss of coupling was observed at 40°C, where no discernible 294 OXPHOS rates were observed ( Fig. 3c ; one-way ANOVA, P < 0.001, n = 5-6). in E. plumieri and M. furnieri, respectively (Fig. 5) . 309 SDH activity of demersal species was significantly lower than the SDH activity measured in 310 species with pelagic habits (two-way ANOVA; p = 0.049, n = 3-4). No significant differences 311 were detected in the SDH activities of fishes from tropical and subtropical regions (Fig. 5; two-312 way ANOVA, P = 0.092, n = 3-4). Also, no significant interactions between region and life 313 habits were found (two-way ANOVA, P = 0.275, n = 3-4). The activity of CS showed significant 314 interactions between region and life habits (two-way ANOVA, P = 0.033, n = 3-4). Tropical 315 species exhibited significantly higher CS activity than subtropical species, independent of life 316 habits ( Fig. 5 ; two-way ANOVA, P = <0.001, n = 3-4). 317 In all the species investigated, the thermal tolerance of the OXPHOS system was species-specific 337 (Figs. 1 and 3) . Although species-specific variability in OXPHOS and LEAK has been were distinguished. More specifically, species with demersal habits exhibited a more highly 341 coupled OXPHOS system over a wider thermal range (Figs. 1a and 3a,b) , and RCR values 342 indicate highly coupled mitochondria at temperatures ranging from 10-30°C (Figs 2 and 4) . 343
Pelagic species (Fig. 1b, 3c) showed a lower response of OXPHOS to temperature than demersal 344 species from the same region (Figs. 1a and 3a,b) , also shown by a more narrow RCR profile with 345 temperature (Figs. 2 and 4) . This type of lifestyle-based coupling has not been documented in 346 mitochondria from warm-adapted species. Although a low coupling might be a consequence of a 347 compromised inner mitochondrial membrane due to mitochondrial isolation procedures, the low 348 sample variance recorded and the moderate coupling of respiration at 30°C for both tropical (Fig.  349 4) and subtropical (Fig. 2) pelagic species are indicative of acceptable mitochondrial integrity. 350
Interestingly, in warm-adapted teleosts of tropical waters, CS activity was higher than in 351 subtropical species (Fig. 5) . Within regions, species-specific CS and SDH activity was highly 352 variable, and may reflect the variability of ATP turnover rates due to locomotion and feeding 353 activities (Killen et al., 2010 ). Variability in the activity level of these traits will likely affect the 354 rates of substrate oxidation, altering the turnover rates of reducing agents (i.e. NADH) that fuel 355 the electron transport system. 356
Mitochondrial energy transduction efficiency was sensitive to assay temperature in all species. 357
Despite some variability observed, our results indicate a breakpoint in OXPHOS respiration at 358 30°C for all species investigated; ADP-induced OXPHOS respiration rates at temperatures 359 warmer than 30°C were reduced or completely impaired. A coarse integration of the coupling 360 ratios obtained with environmental temperature data suggests that the coupling efficiency 361 maximum, close to the 30°C treatment, correlates with the average annual temperatures found in 362 both regions (Fig. 6) . However, a finer-scale reassessment of mitochondrial energy transduction 363 efficiency between 30°C and 40°C will be necessary to establish a more precise breakpoint in 364 efficiency. When comparing OXPHOS coupling efficiency of warm-adapted teleosts to those 365 from the cold-adapted stenotherm Pleuragramma antarctica, (Martinez et al., 2013) , it suggests 366 that OXPHOS efficiency of liver mitochondria tracks the species' thermal environment (Fig. 6) . shown with letters a and b (one-way ANOVA on temperature, P < 0.05, n = 3-8 ± SE). 563 temperature. Significant interactions of RCR between species and temperature were found (two-574 way ANOVA, F 6 = 8.89, P < 0.001). Different letters indicate significant differences within 575 species (one-way ANOVA on temperature, P < 0.05, n = 5-8 ± SE). 576 were found (one-way ANOVA, P = 0.114, n = 3-4, ± SE). Significant differences in interspecific 584 CS activity are identified with letters a and b (one-way ANOVA, P < 0.001, n = 3-4 ± SE). 585 
